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Abstract – We present the electrical transport characteristics of a batch of nano-crystalline diamond 
films of varying nitrogen concentrations and explain the conduction mechanism by the disordered 
quasi-superlattice model applied to semiconductor heterostructures. Synthesized by the hot filament 
chemical vapour deposition technique, the degree of structural disorder in the films, confirmed from 
Raman spectroscopy, is found to be controllable, resulting in the transition of conduction mechanism 
from localized and activated to the metallic conduction regime. Hence through high field magneto-
resistance measurements at low temperatures we firmly establish a conductivity crossover from 
hopping to 3D weak localization. The long electronic dephasing time and its weak temperature 
dependence suggest the possibility for diamond-based high-speed device applications. 
 
Introduction.–Nitrogen-doped ultranano-crystalline 
diamond (UNCD) films prepared by microwave plasma 
enhanced chemical vapor deposition (MPCVD) have been 
studied extensively and found to be very promising in nano-
electronic device applications [1-2]. Generally, the 
conductivity of these films can be controlled to some extent 
with the increase of nitrogen level [3] however, it has 
appeared to be very different from conventional 
semiconductors. Further studies are therefore required in order 
to establish the (nitrogen) doping mechanism in these films 
[4]. Previous studies by researchers on heavily nitrogen doped 
UNCD films prepared by MPCVD showed metallic behavior 
along with negative magneto-resistance (MR) features 
explained using the 2D weak localization (WL) or hopping 
model [1,2,5]. In this article we report activated conduction 
over a wide range of temperatures which has not been 
demonstrated previously, but it is now observed in NCD 
samples grown by hot filament chemical vapor deposition 
(HFCVD) technique.  
 
Inclusion of amorphous carbon in nanodiaomond films 
increases the density of localized states in the band gap and 
makes the hopping processes dominant in these materials [6]. 
This observation clearly emphasizes the importance of the sp2 
phases in the grain boundaries (GB) [6], which depend 
significantly on the gas chemistry during synthesis. 
Furthermore, detailed microscopic studies in UNCD films by 
other researchers have suggested superlattice-like structure 
consisting of layers of sp2 bonded carbon within the GB 
separated by diamond grains [7,8]. We extended the idea of 
previous researchers and employed a disordered quasi-
superlattice model that was applied previously to 
semiconductor heterostructures, which is discussed later. 
While a great deal of attention has been given to synthesis, 
microstructure and morphology studies,  little has been 
reported on the low temperature transport properties of 
nitrogen-doped NCD films grown particularly by HFCVD [9]. 
In this work we therefore attempt to explain the electrical 
transport properties of these HFCVD films (whose grain 
boundary is different from MPCVD films because of the 
different gas chemistry) and establish the validity of the 
recently reported anisotropic 3D WL model in nitrogen doped 
nano-crystalline diamond films synthesized by methods other 
than MPCVD [10]. We report a transition from hopping to 
activated conduction and finally an anisotropic 3D WL 
mechanism in the transport properties of the films, as  the 
nitrogen percentage in the HFCVD chamber is increased. 
With the help of a disordered superlattice model and 
microstructure studies using Raman spectroscopy we show 
how disorder controls the conductivity and the characteristic 
time of NCD films. 
 
Experimental Techniques.–The nitrogen incorporated 
nano-crystalline diamond films were synthesized in a 
commercial HFCVD chamber (Vacutec, SA) at a substrate 
temperature of approximately 800 oC by introducing 10% to 
22% ultra-pure nitrogen (99.999%) in the reaction zone, 
which are labeled NCD10N2, NCD15N2, NCD20N2 and 
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NCD22N2. The other reaction gases were methane kept at 
(4.5%), hydrogen and variable argone concentrations. The 
argone flow was varied according to the nitrogen flow rate so 
as to keep the total volume flow at 210 sccm. The low 
pressure (22 mBar) and relatively high methane concentration  
are conducive  to the formation of nanoscale grains, possibly 
due to the high renucleation rate [9]. Four probe conductivity-
temperature measurements of these samples (0.4 cm  0.3 cm, 
thickness ~ 0.165 m) deposited on fused quartz substrates 
were performed in the temperature range from 2.3 K to 300 K 
and applying a magnetic field up to 12 T using a fully 
automated cryogenic free measurement system. A current of 
10 µA was sourced from a Keithly 2400 and the voltage was 
measured using a Keithly 2182A nano-voltmeter using the 
van der Pauw configuration. Raman spectroscopy was 
performed using an Argon ion laser (514.5 nm) at an average 
power of ~1 mW. Details of NCD film preparation and 
microscopic characterization are given elsewhere [11]. 
 
Results and Discussion.– 
  
1200 1600 2000
40000
60000
(a)
  NCD10N
2
  undoped NCD
14
91
11
31
13
31
In
te
ns
ity
 (a
rb
. u
ni
ts
)
Raman shift (cm
-1
)
     
    
4 8 12 16 20 24
65
70
75
80
(b)
 Raman G width
 Conductivity
Nitrogen %
F
W
H
M
 G
 p
ea
k 
(c
m
-1
)
0
15
30
45
C
on
du
ct
iv
ity
 (
S
 c
m
-1
)
   
     
10 12 14 16 18 20 22
0.0000
0.0001
0.0002
0.0003 (c)
T = 56 K
10 12 14 16 18 20 22
0.7
0.8
0.9
1.0
1.1
1.2
q
N
2
 % in the chamberG
 (
O
h
m
-1
)
N
2
 % in the Chamber
 
Fig. 1: (a) Raman spectra for doped and undopednanodiamond 
films prepared by HFCVD technique. (b) Variation of G lin-
ewidth with nitrogen concentration in the film deposition 
chamber (c) Conductance dependence on N2% in the chamber 
shows a continuous increase. The insert shows the variation of 
the disorder parameter q with N2%.  
It is evident from the Raman spectra that nitrogen introduction 
in the chamber significantly reduces the intensity of the dia-
mond peak at (1332 cm-1), which is an indication of increase 
of the width of grain boundary regions in the films. Figure 
1(b) also shows the change of Raman G peak width with N2% 
used for synthesis of NCD films, which is an estimation of 
disorder level in the films [12]. Although disorder initially 
increases with the N2%, it decreases rapidly in the high N2% 
regime as observed in Raman spectra of the samples. Con-
ductance of the samples shows an increase with N2% in Fig. 
1(c). The corresponding change of disorder parameter (q) is 
explained from the analysis of conductance data in the later 
part of the text. Transmission electron micrographs indicated 
that the grain sizes are in the range from 15to 20 nm [11]. 
 
    
   
Fig. 2: (a) Conductance vs.T fitted with 3D WL model for NCD 
films (dotted lines). (b) Arrhenius plot for G(T) to validate 
activated conduction. 
Electrical transport: Figures 2(a) and 2(b) show three 
distinct behaviors at low temperatures namely, weakly 
conducting (for NCD10N2 and NCD15N2), semiconducting 
(NCD20N2) and semi-metallic (NCD22N2) films, respectively. 
To understand the transport mechanism, plots of ln R vs. T- 
were done (not shown here), with  being 1/2, 1/3 or 1/4 for 
1D, 2D or 3D hopping respectively. The analysis showed 3D 
VRH hopping is applicapable for both NCD10N2 and 
NCD15N2 samples below 118 K. While Arrhenius plots for all 
the films in Fig. 2(b) clearly show evidence of activated 
conduction from 28 K to 89 K for the NCD20N2 films.  
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This thermally activated conduction is normally expressed in the 
form of Arrhenius equation as  (   )         ( 
  
  
), where 
 E is the conductivity activation energy and  o is the 
conductivity prefactor [13]. The activation energy calculated 
from Fig. 2(b) is found to be less than 10 meV.The origin of the 
energy gap can be explained from the effect of disorder on the 
nitrogen donor level formed close to the conduction band. The 
hopping mechanism and activated behaviour were not found to 
be applicable for NCD22N2 films. In earlier reports, N-UNCD 
films were treated as disordered metals or bulk amophous 
semiconductors where confinement properties in GB were not 
included [4,5]. Here, we interpret the transport in the family of 
NCD films of different conducitivty using a quasi-SL structure. 
Fig. 2(a) shows the conductance vs. temperature data fitted with 
Eq.(1). In the conventional 3D WL isotropic model the 
temperature dependence of the conductance (G) is expressed as 
a sum of the temperature independent term (G0) as well as the 
terms consisting of the temperature dependence of the dephasing 
length and 3D electron-electron (e-e) interaction given by  
 
 (   )         
         
                         (1), 
 
where, a1 =   
 
 
(         ) and  a2 =   
 
 
(
  
    
) (
   
√ 
) (
 
 
 
 
 
 )√(
  
  ⁄ )    are pre-factors that depend on sample 
dimensions given on page 2 (S, cross-sectional area and l, 
length), dephasing length (  ) and diffusion constant (D) [14]. 
The terms F,, and D represent electron screening factor in 3D, 
the relaxation time for the e-e interactions, and the diffusion 
constant, respectively [14]. From the fitting of G-T data [Fig. 
2(a)] the values of a1 and a2 were evaluated from which L𝜙 can 
be derived as  1.12  10-8T-0.33 (m) for NCD20N2 and  3.89  
10-8T-0.35 (m) for NCD22N2 films. Furthermore the weak 
temperature dependence of the dephasing factor compared to the 
e-e interaction in equation (1) shows that in the semi-metallic 
regime, e-e interactions dominate over the quantum interference. 
These observations are supported by theoretical work by other 
reseachers who predicted the contribution of the nitrogen related 
centres to the conductivity by determining the electronic 
stuctures of several nitrogen centres (defect centres) in 
nanodiamond films [6,7]. Here we present a detailed explanation 
of the conduction in n-NCD films, in the context of a disorderd 
superlattice like structure. 
 
Magneto-resistance: MR features in Fig 3(a) and (b) for 
NCD10N2 and NCD15N2, respectively, are found to be very 
weakly B dependent. At high T the MR is found to be linear 
with B, which is consistent with the 3D VRH mechanism. This 
confirms the applicability of the VRH mechanism suggested 
earlier for the weakly conducting samples. The MR data were 
fitted with Eq. (2),  
  (
  
  
)            
                          (2), 
and using the constant T0, the localization length was obtained 
for NCD10N2 samples to be 11.98 nm at 100 K. The 
parameters       
 (
  
 
)  (  ⁄ ),    (
     
 
      
) (
  
 
)   and a3 
account for the complex behavior of MR at B. The indexes P1 
and P2 are 7/8 and 3/4, respectively in the Mott VRH model 
[15]. These results are consistent with a previous report on 
MPCVD-UNCD samples prepared with approximately 1% 
nitrogen [4]. At present we have observed a transition from 
VRH to activated conduction with increase in nitrogen 
percentage, which suggests band modification in these films as a 
result of nitrogen incorporation and associated structural 
rearrangement of carbon atoms in the grain boundaries.  
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Fig.3:(a) ln (ρB/ρ0) vs.B graph for NCD10N2 films and (b) 
NCD15N2 films fitted with Eq. (2) to evaluate the localization 
lengths.  
 
The MR data (Fig.3(b)) for NCD15N2 samples show a clear 
deviation from the VRH fit at temperatures above 50 K. We 
estimated the N(EF)  2.54  10
19 eV-1 cm-3 at 100 K with the 
value of Lc  11.9 nm, which is slightly greater than 6.46  10
18 
eV-1 cm-3 obtained for NCD10N2 samples. These results are 
consistent with the observation of increase of conductivity in the 
films prepared with higher N2% [see Fig. 1(b)]. 
Analysis of the NCD20N2 MR data showed a B
1/2 dependence of 
the MR at high fields, which is characteristic of 3D WL [16,17]. 
This is in agreement with the reports by other researchers that 
have indicated a B1/2 or B2 dependence of MR for UNCD films 
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[10]. The magnitude of this MR decreases with an increase in 
temperature indicating that WL effects are suppressed at high 
temperatures in these films. We further attempt to validate the 
recently reported 3D WL anisotropic model used to explain the 
conductivity in nano-diamond films [10]. This behavior has 
been explained in terms of a propagative fermi surface (PFS). 
Fig. 4: MR results with 3D WL anisotropic fitting for 
(a)NCD20N2 and (b) NCD22N2 films. 
 
The PFS model was originally developed to explain transport in 
disordered artificial SL and was recently used to explain the 
unusual transport in nano-crystalline silicon films in the 
diffusive fermi surface (DFS) limit considering an effective 
artificially formed SL structure [18]. The behavior is given by: 
 
  ( )
 (   )⁄    * (   ) (
  
    
) (
  
 
)   +   *
 
  ⁄
   
+    (3), 
The function f3 is the Kawabata function [16]. The anisotropy 
coefficient     √      describes anisotropic transport in 3D, 
where    and D  represent the diffusion coefficient parallel and 
perpendicular to the film, respectively. This function predicts a 
B2 dependence at low fields and a B1/2 at high fields. Normalized 
MR data fitted with Eq. (3) confirms that the 3D WL anisotropic 
model best describes the MR (B,T) behavior for NCD20N2 and 
NCD22N2 films see [Fig 4(a) & (b)]. The anisotropic coefficient 
for the films was found to be 1.5 for the NCD20N2 and 2.1 for 
the NCD22N2 films. Our analysis indicates that the anisotropy 
factor is less in weakly conducting films than that for highly 
conducting films in agreement with previous reports [18]. We 
explain this from the structural arrangement induced by nitrogen 
doping leading to the appearance of the layered structure in 
NCD films at high levels of N2 concentration [8]. Consequently 
the highly conducting NCD films prepared with a high N2 
percentage can consist of a large number of layers and show a 
strong anisotropic nature. From the fitting of the MR data, L𝜙 
can be extracted whose temperature dependence i.e. L𝜙T
-0.33 is 
plotted [Fig. 5(a)] which is similar to that obtained from G(T). 
These results confirm the applicability of  the anisotropic 3D 
WL model to explain the conduction mechanism of highly 
conducting NCD-N2 films in the low to intermediate 
temperature range. Now we attempt to show the effect of 
disorder on the proposed quasi-SL model and investigate the 
origin of the observed activated conduction in NCD20N2 films, 
which appeared as a result of nitrogen incorporation. The band 
diagram is typical of a disordered superlattice-like structure 
formed by nano-diamond grains (sp3) and sp2 carbon layers 
mainly in the GB. Transport calculations on N-doped disordered 
carbon SL structures are presented in Ref. 10. Increase in 
nitrogen in the films results in widening of GB, which 
consequently increases the sp2 layers and hence an incresease in 
the coupling of the diamond grains. In addition to that some 
nitrogen defects states are also introduced which might explain 
the activated behaviour in some samples [Fig. 5(b)] [3,7].  
 
  
 
Fig. 5 (a): The temperature dependence of the dephasing length 
for NCD20N2 and NCD22N2 samples i.e. L T
-0.33(see dotted 
lines). (b): Band energy diagram of NCD films shows 
disordered sp2 layers separated by local (sp3) barriers within the 
GB between two diamond grains. The typical energy levels of 
localized states and nitrogen levels are marked in the diagram.  
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It is well known that nitrogen incorporation in carbon films 
introduces sp2-bonded clusters [8]. The microstructure of 
NCD films show confined sp2 structures between 
nanodiamond crystals [8], which can also be treated as a 
quasi-SL structure consisting of a non-periodic array of 
conducting (sp2) layers. Some details of our proposed model 
can be found in our other report [10]. In this regard the 
microstructure is different to the conventional superlattice 
structure of compound semiconductors but similar to layered 
metals or superconductors which show strong anisotropic 
conductivities. Furthermore the density of planes increases 
with nitrogen concentration, which corresponds to an increase 
of coupling between planes that can be explained fairly well 
by a quasi-SL model [17,18]. We neverthless point out that the 
disorder strength can be modified with the change of 
periodicity. In addition, we believe the highly conducting 
NCD samples belong to a family of diffusive (or weakly 
localized) transport regime and the small effect of activation 
can appear due to the energy difference between the nitrogen 
level and the conduction band (CB) (1st miniband) of the 
proposed quasi-SL (see Fig. 5, (b)) [10]. This concept has 
been verified from the MR study (see Fig. 4 and also in Ref. 
10). A transition from VRH to WL has already been shown 
through the intentional introduction of disorder to artificial SL 
structures [17,18]. 
 
Fig.6: MR data for NCD samples fitted with the B-K model at 
different temperatures. 
 
To identify the effect and quantify the degree of disorder in 
the UNCD samples we applied the Bryksin – Kleinert (B-K) 
model (Fig. 6) and analyzed the MR data for all samples [19]. 
At low temperatures the electronic transport mechanisms are 
dominated by elastic scattering from defects, impurities and 
electron-electron interactions. The B-K model showed in a self 
consistent theory that the ratio of the scattering times ( 
  

 ), 
where and   correspond to the renomalized and elastic 
scattering times, respectively, would be a function of the 
anisotropy factor [19]. In that model (B-K) two guiding 
anisotropy parameters are used, i.e.  , defined earlier and 
  (   )(      ) in which   , is the momentum cutoff 
parameter of the wave vector     
 
    ⁄  for any arbitrary 
field orientation [19]. Since the field was perpendicular to the 
samples only one anisotropy factor is used. Moreover, there is 
no restriction on the value of the disorder parameter, i.e. 
     . In this expression λ and    are the electron mean 
free path and Fermi wave vector respectively, which can vary 
from sample to sample, namely from NCD10N2 to NCD22N2 
films [see Fig. 1(b)] and is actually a measure of order.  
For small disorder i.e.   >> 1 (i.e. in NCD22N2 samples) the 
self consistency of the theory with respect to the renormalized 
scattering time  might be disregarded yielding the 
corresponding conductivity expression through the Einstein 
relation       
     (  ) to be        
   

 
 (  )  
   

 
    where     
 
 
   . Hence the parallel component of 
conductivity is expressed as a function of the ratio 
 
  
, implying 
a strong dependence on the anistropy in the material. The 
conductance pre-factor G0 taken from the best fit of G vs. T 
data (using Eq. 1) was considered as the Drude contribution 
{     
    (  )+   For the metallic regime (e.g. NCD20N2 
and NCD22N2 samples) G0 was estimated on the basis of a 
constant term  in the G vs. T fitting. For hopping transport 
expressed as G(   )         ( (
  
 
)
    
) , applicable to 
NCD10N2 and NCD15N2 samples, the estimation of G0 was 
based on the      prefactor, which had been considered as an 
analogue of G0 in the metallic range. Further simplification 
was made by keeping the small disorder condition even in the 
hopping range and by replacing the renormalized scattering 
time τ with τ0. The results of the fit to the MR data for a set of 
NCD films prepared with different N2 percentage based on the 
B-K model (given explicitly in Ref 19) are shown in Fig 6. 
This model was found to work well at low fields. We took a 
constant value of   given by a PFS model fit for NCD22N2 
samples [see Eq. (3)], which is considered nearly the same for 
all samples. The value of disorder parameter q ≈ kF is found 
to increase with conductivity of the NCD samples from 0.7 to 
1.2, shown in inset of Fig. 1(c). A remarkable similarity 
between the conductance vs. N2 concentration (measured at 56 
K) curves and the q vs. N2 curve has been found, which clearly 
establishes the role of disorder in controlling transport in NCD 
films [Fig. 1(c)]. This analysis is found to be consistent with 
the Raman spectra of the film structures [Fig. 1(b)].  
 
Furthermore the degree of disorder (q = 0.95) for NCD20N2 
was a little bit less than unity symbolizing the position of the 
EF in the localized states tails. Therefore, electrons require 
some activation energy to reach the extended states as found 
from the Arrhenius plots. For NCD10N2 and NCD15N2 
samples, q is found to be much less than unity, which means 
the disorder effect is large and hopping conduction can be 
dominant. The level of disorder found in NCD films from 
transport data analysis is consistent with the analysis of 
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Raman spectra of the samples [Fig. 1(a) and (b)]. The disorder 
level in the films is found to decrease with the increase of 
N2% used for the synthesis of the samples that increases the 
conductivity of the films. This difference of q suggests a 
possibility for a M-I transition in NCD20N2 to NCD10N2 
samples. From the analysis of B-K model we revealed that the 
temperature dependence of   is much weaker for the 
insulating regime of NCD films than for conducting one. The 
value of D is also found to decrease from 0.001 m2/s to 0.0007 
m2/s as the samples change from metallic to hopping region. 
The elastic scattering time 0 is of  32 fs for all samples. 
Most importantly,   increases by an order of magnitude in 
these samples at comparable value of temperature (0.028 ps at 
10 K in NCD15N2 to 0.5 ps at 5 K in NCD22N2 samples). 
Such a long dephasing time and its weak temperature 
dependence show that these films are potential candidates for 
fast switching devices. 
In conclusion, we have shown a conductivity crossover and 
related  transport features in HFCVD grown NCD films which 
has not been seen so clearly in other NCD films. Within a 
large temperature range the electrical transport for all samples 
can be described by a disordered (non-periodic) quasi-SL 
model which can also explain the transport properties of 
amorphous carbon films [20] having a certain degree of 
disorder. The conduction for the NCD20N2 films is typical of 
semiconductors where thermal activation predominates, while 
in the NCD22N2 films we have semi-metallic behavior in 
which electron-electron interactions and 3D WL are 
corrections to the conductivity with the former dominating at 
low temperatures. We also observed a weak temperature 
dependence of dephasing time i.e.,   T
-0.7, which to our 
knowledge has been reported only in artificial superlattices 
[18]. Such behavior will give longer dephasing time in these 
films, a property which might help to realize these films in 
high-speed electronic devices. Furthermore, we have found the 
variation of disorder level derived from conductivity analysis 
in the samples is consistent with the Raman analysis. The low 
activation energy for the NCD20N2 films is due to both the 
effect of disorder and the presence of shallow impurity band 
below the conduction band which is observed only in HFCVD 
films. This study in nanodiamond films lays a foundation for a 
class of novel fast switching devices and establishes the 
known conduction models even in HFCVD films, whose GB 
phase is different from that of MPCVD grown films. 
   *** 
The authors are thankful to R.M. Erasmus for Raman 
spectroscopy and R. McIntosh for correcting the manuscript. 
S.B. thanks the NRF (SA) for granting the Nanotechnology 
Flagship Programme to perform this work and the University 
of the Witwatersrand Research Council for financial support.  
REFERENCES 
[1] Williams O. A., Nesladek M., Daenen M., 
Michaelson S., Hoffman A., Osawa E., Haenen K., and 
Jackman R. B., Diamond Relat. Mater., 17 (2008)1080. 
[2]  Mares J. J., Nesladek M., Hubik P., Kindl D., and 
Kristofik J., Diamond Relat. Mater., 16 (2007) 1.  
[3] Bhattacharyya S., Auciello O., Birrell J., Carlisle J. 
A., Curtiss L. A., Goyette A.N., Gruen D. M., Krauss A. 
R., Schueter J., Sumant A., and Zapol P.,  Appl. Phys. 
Lett.,79 (2001)1441. 
[4] Bhattacharyya S., Phys. Rev. B, 70 (2004) 125412: 
Bhattacharyya S., Phys. Rev. B, 77 (2008) 233407. 
[5] Choy T. C., Stoneham A. M., Ortuno M., and 
Somoza A. M., Appl. Phys.Lett., 92 (2008) 012120. 
[6] Zapol P., Sternberg M., Curtiss L. A., Frauenhein 
T., and Gruen D. M., Phys. Rev. B, 65 (2001) 045403.   
[7] Beloborodov I. S., Zapol P., Gruen D. M., and  
Curtiss L. A., Phys. Rev. B, 74 (2006) 235434. 
[8] Arenal R., Bruno P., Miller D. J., Bleuel M., Lal J., 
and Gruen D.M., Phys. Rev. B, 75 (2007) 195431. 
[9] May P. W. et al.,  J. Appl. Phys., 101 (2007) 
053115: J. Phys. Chem. C. 112 (2008) 12432. 
[10] Shah K., Churochkin D., Chiguvare Z., and 
Bhattacharyya S., Phys. Rev. B, 82 (2010) 184206; 
Katkov M. V. And Bhattacharyya S., J. Appl. Phys. 
111, 123711 (2012). 
[11] Chimowa G., MSc Thesis, “Synthesis and 
characterization of nano-crystalline diamond films”,  
University of the Witwatersrand, SA (2011). 
[12] Ferrari A. C. and Robertson J., Phys. Rev B, 61 
(2000) 14095. 
[13] Shklovskii B. I. and Efros A., “Electronic 
properties of Doped Semiconductors”: Springer-Verlag, 
Berlin- pp 228 (1984). 
[14] Du G., Prigodin V. N., Burns A., Joo J., Wang 
C.S., Epstein A. J., Phys. Rev. B, 58 (1998) 4458. 
[15] Jaiswal M., Wang W., Fernando K. A. S., Sun Y. 
P.,  and Menon R., Phys. Rev. B,76 (2007) 113401. 
[16] Kawabata A., J. Phys. Soc. Jpn.,49 (1980) 628. 
[17] Szott W., Jedrzejek C., and Kirk W. P., Phys. Rev. 
Lett., 63 (1989)1980; Cassm-Chenai A. and Mailly D., 
Phys. Rev. B, 52 (1995) 1984. 
[18] Pusep Y., Ribeiro A. M. B., Arakaki H., de Souza 
C. A., Malzer S., and Dohler G. H., Phys. Rev. B,71 
(2005) 035323. 
[19] Bryksin V. V. and Kleinert P., Z. Phys B,101 
(1996) 91. 
[20]  Bhattacharyya S. and Silva S. R. P., Thin Solid 
Films, 482 (2005) 94. 
